RW. All-trans retinoic acid mediates DUOX2 expression and function in respiratory tract epithelium. Am J Physiol Lung Cell Mol Physiol 299: L215-L221, 2010. First published May 28, 2010 doi:10.1152/ajplung.00015.2010.-DUOX1 and DUOX2 are members of the NADPH oxidase family that are specifically regulated to produce hydrogen peroxide in epithelia of the thyroid, gastrointestinal tract, and respiratory tract. The determinants of DUOX1 or DUOX2 expression in various tissues have not been established. Using respiratory tract epithelial cells as a model, we investigated changes in DUOX mRNA and protein expression during the first 10 days of differentiation. By comparing a respiratory tract cell line, HBE1, with primary tracheobronchial epithelial (TBE) cells, we determined that DUOX2 was significantly expressed only in cell conditions that included all-trans retinoic acid (ATRA). In HBE1 cells, DUOX2 mRNA increased 6-fold after ATRA treatment. Similarly, ATRA induced a 19-fold increase in DUOX2 mRNA expression in primary TBE cells with parallel increases in DUOX protein and DUOXmediated H2O2 production as well. In addition, DUOX2 induction by rhinovirus required the presence of ATRA. ATRA had no effect on DUOX1 expression for all the conditions studied. Our data indicate that for respiratory epithelial cells, ATRA is important in the regulation of DUOX2 expression, function, and rhinovirus-mediated DUOX2 inducibility. DUOX1; gene regulation DUOX ISOZYMES DUOX1 AND DUOX2 are dual NADPH oxidase (NOX)-putative heme peroxidases expressed predominantly in epithelial tissues including epithelia of the thyroid, gastrointestinal tract, and respiratory tract (19). They are members of the NOX family that specifically produce hydrogen peroxide (H 2 O 2 ) in a regulated fashion. The functional significance of DUOX-mediated H 2 O 2 production and the relative contribution of each isoform for functional activity appears to be tissue-specific. For example, DUOX2 is the essential isoform for thyroid hormone synthesis (21), whereas DUOX1 appears to be the major isoform required for wound healing and innate host defense in the respiratory tract (6, 7, 16, 22, 28) . In addition, the 5-to 10-fold higher levels of DUOX1 mRNA compared with DUOX2 mRNA in respiratory tract epithelium (17, 27) suggest DUOX1 is the predominant isoform for DUOXmediated H 2 O 2 production in the airway. However, DUOX2 likely has a higher capacity for H 2 O 2 generation compared with DUOX1 (2, 25) and may have a larger contribution to basal H 2 O 2 production than previously appreciated (15). How the relative expression levels and functional roles of each DUOX isoform are established in tissues remains undetermined.
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To begin to address this issue, we investigated some potential factors necessary for DUOX isoform expression in differentiating respiratory tract epithelia. Recent data suggest that DUOX expression in respiratory tract epithelia increases with increasing differentiation (11, 24) . Furthermore, it has been proposed that DUOX expression is specifically expressed in ciliated cells. This immediately suggests that DUOX expression is coordinately regulated with cilia cell differentiation. Certainly, costaining of DUOX and cilia in well-differentiated cell cultures supports this model (11, 27) . Another possibility is that the transition from submerged conditions to air-liquid interface (ALI) conditions (i.e., in vitro cell culture conditions or during development in vivo) stimulates activation of DUOX transcription and protein expression independent of other features of cellular differentiation. For example, the higher oxygen levels in ALI culture conditions compared with submerged culture conditions may trigger expression of the NOX family members. Alternatively, circulating blood factors/media components may transcriptionally activate DUOX expression. Fischer et al. (12) recently demonstrated that DUOX1 expression was hormonally regulated in fetal alveolar cell cultures, which supports this possibility.
To better understand the relative roles of each DUOX isoform in the respiratory tract, we first sought to understand how DUOX expression is initiated in differentiating respiratory tract epithelium. Because respiratory tract epithelium is known to differentiate in ALI conditions within 7-10 days (33), we chose this period to study changes in DUOX2 expression. We established cell culture conditions to specifically examine whether ALI culture conditions are sufficient for increased DUOX2 expression, whether DUOX2 expression occurs only with conditions that promote cilia formation, or whether media conditions alone are essential for DUOX expression. In addition, we measured transepithelial electrical resistance (R te ) and transepithelial potential (V te ). We utilized these measurements to correlate DUOX expression with physiological indicators of cell differentiation (26) .
Based on previous studies of differentiating respiratory tract epithelium (3, 4, 9) , we postulated that all-trans-retinoic acid (ATRA) was the key factor responsible for the upregulation of DUOX2. Herein, we explore the changes in DUOX expression, induction, and function that occur in respiratory tract epithelia after long-term treatment with ATRA. 4 cells/cm 2 in LHC Basal Medium/DMEM (1:1) supplemented with insulin (5 g/ml), transferrin (10 g/ml), epidermal growth factor (0.5 ng/ml), hydrocortisone (0.1 M), triiodothyronine (0.01 M), bovine hypothalamus extract (10 g/ml), bovine serum albumin (0.5 mg/ml), epinephrine (0.6 g/ml), phosphorylethanolamine (0.5 M), ethanolamine (0.5 M), zinc sulfate (3 M), ferrous sulfate (1.5 M), magnesium chloride (0.6 mM), calcium chloride (0.11 mM), and trace elements (selenium, manganese, silicone, molybdenum, vanadium, nickel sulfate, and tin) (14) . Once TBE or HBE1 cultures were confluent, they were transferred to ALI culture conditions, and 30 nM ATRA was added to the appropriate cultures for 7-10 days.
MATERIALS AND METHODS

Cell
Histology. Cells grown on Transwell membranes with or without ATRA were fixed with 4% paraformaldehyde for 4 h. The membraneattached fixed cells were then embedded in paraffin and subsequently sectioned at 4-m thickness for hematoxylin and eosin staining to examine morphological differences.
Electrical measurements. After cells achieved confluent status, measurements of R te and Vte were taken on alternate days up to 10 days. PBS, warmed to 37°C, temporarily replaced the media in the apical and basolateral chambers just before each measurement. The tips of the electrode connected to the Millicell-ERS (Millipore, Billerica, MA) electrical resistance system was immersed in the PBS straddling the Transwell membrane, and measurements were taken. The instrument was calibrated before each set of measurements.
Quantitative real-time PCR. Three micrograms of total RNA was reverse-transcribed with M-MLV Reverse Transcriptase (Promega, Madison, WI) by oligo(dT) primers for 10 min at 70°C, 60 min at 42°C, and 15 min at 70°C in 13-l reaction volumes. Sample cDNAs were diluted 1:5 in water for use in real-time PCR reactions. Real-time PCR was performed with an ABI 2700 GeneAmp unit (Applied Biosystems, Foster City, CA). Reactions were carried out in 384-well optical reaction plates in a 10-l final volume containing 5 l of the SYBR Green (Invitrogen, Carlsbad, CA) PCR master mix, 0.4 l of 5 M gene-specific primer mix, 2 l of diluted sample cDNA, and 2.6 l of water. Gene-specific primers were designed to selectively amplify DUOX1 or DUOX2, and relative expression values were normalized to ␤-actin as previously described (17) .
Western blotting. Cells were scraped and lysed in 4°C RIPA buffer (Pierce, Rockford, IL) supplemented with Halt Protease Inhibitor Cocktail and PMSF (Pierce) on ice. The lysate was centrifuged for 10 min at 14,000 rpm at 4°C, and the supernatant was transferred into a fresh tube and stored at Ϫ80°C. Total protein concentration was determined using the Bio-Rad DC Protein Assay Kit. Samples were normalized to 30-g protein, combined with Laemmli buffer (2% SDS, 100 mM dithiothreitol), and heated to 65°C for 15 min and placed on ice. Proteins were run on a 7% NuPAGE Novex TrisAcetate gel (Invitrogen) and then transferred to a polyvinylidene difluoride (PVDF) membrane. Blots were blocked in 5% fat-free dry milk in PBS and incubated with rabbit anti-DUOX primary antibody (1:10,000) at 4°C for 24 h and secondary goat-anti rabbit horseradish peroxidase (HRP)-coupled antibodies (1:20,000; Pierce) at 25°C for 1 h. Detection was achieved by ECL (Thermo Fisher). The intensity of DUOX protein on the Western blot was normalized to ␤-actin using MultiGauge v2.3 software (Fujifilm, Cypress, CA).
The anti-DUOX primary antibody was generated by our laboratory using a pET-24d plasmid containing a portion of DUOX1 (8) , which was generously provided by Xavier De Deken and Greg Conner. Four liters of Escherichia coli containing the pET-24d plasmid were grown up shaking at 37°C and induced with isopropyl ␤-D-thiogalactopyranoside (IPTG), final concentration 1 mM, for expression of the and primary TBE cells were grown in ALI culture conditions with or without ATRA for 7 days followed by fixation in 4% paraformaldehyde and embedded in paraffin. Cross sections of membraneadherent cells were then stained with hematoxylin and eosin for morphological analysis. HBE1 cells grown without ATRA (A) displayed a stratified squamous epithelial phenotype compared with HBE1 cells treated with ATRA (B), which displayed a simple squamous or thin stratified squamous epithelial phenotype. C: primary TBE cells grown without ATRA displayed a keratinized stratified squamous epithelial phenotype, whereas those treated with ATRA (D) displayed a pseudostratified columnar ciliated epithelial phenotype similar to respiratory epithelium in vivo. Black bar represents 10 m. DUOX1 protein fragment. DUOX1 protein fragments were harvested using the native conditions for soluble protein and denaturing conditions for the inclusion bodies from the Macherey-Nagel (Bethlehem, PA) NucleoSpin protocol. Purification of the DUOX1 protein fragments were achieved using Millipore Ultracel 30-and 10-kDa spin columns. Evaluation of protein purity was performed with Western blot analysis using previously generated anti-DUOX primary antibody from the pET-24d plasmid that has been shown to recognize both DUOX1 and DUOX2 protein (8) . Purified protein fractions were sent to New England Peptide (NEP; Gardner, MA) to inject into two New Zealand White rabbits to generate polyclonal antibodies. Two production bleeds per rabbit were harvested by NEP, and we tested the serum for specificity and efficiency for recognizing DUOX protein.
H2O2 measurements. Cells were plated on Transwell (Corning Costar) chambers (12 mm) and transferred to ALI conditions after they reached confluent status. After 10 days under ALI conditions, H2O2 measurements were performed. The cells were pretreated with or without 20 M (or 2 M; see the data supplement online at the AJP-Lung Cellular and Molecular Physiology web site) diphenyleneiodonium (DPI) in media in the basolateral chamber for 30 min to inhibit DUOX activity (15) , and thapsigargin (final concentration 1 M) was added to the appropriate wells to stimulate DUOX activity (13) before a 10-min incubation of 150-l 1:1 ratio of PBS to 10-acetyl-3,7-dihydroxyphenoxazine (Amplex Red; 100 M) combined with 0.1 U/ml HRP in the apical chamber. Samples (50 l) were removed from the apical chamber and loaded in a 96-well microplate. For each experiment, the amount of apical H2O2 was determined using an H 2O2 standard curve from 0 to 32 M. Fluorescence was read on a Packard FluoroCount Microplate Fluorometer (excitation 530 nm, emission 590 nm; GMI, Ramsey, MN).
Viral infection. Rhinovirus 1B (RV1B) stocks were obtained from Dr. Wai-Ming Lee (University of Wisconsin), and viral titers were determined by plaque assay as described previously (10) . HBE1 cells were treated with ATRA for 7 days followed by infection with RV1B for 24 h at 33°C. PBS with or without RV1B were added apically to HBE1 cells. For RV1B infection, a multiplicity of infection (MOI) of 1 was used by adding a volume of RV1B that provided 1 ϫ 10 6 plaqueforming units (PFU) to 1 ϫ 10 6 respiratory tract epithelial cells. This protocol was based on previously published techniques (20) .
Statistical analysis. Data are presented as original values or as means with SE; n refers to the number of replicates. Comparison between two treatment groups was done using paired t-tests. Effect of multiple treatments was tested using ANOVAs followed by TukeyKramer multiple comparisons test. Statistical testing was done using GraphPad Prism 5. Resulting P values were given, and P Ͻ 0.05 was considered significant.
RESULTS
Morphological differences between lung epithelial cells grown with or without ATRA.
To verify that our ALI cell culture conditions produced the morphological changes we anticipated, we performed cross-sectional staining of HBE1 cells and primary TBE cells grown in culture for 7 days with or without ATRA (Fig. 1) . As expected, HBE1 cells and primary cells grown without ATRA displayed a stratified squamous epithelial phenotype (Fig. 1, A and C) . In addition, primary TBE cells developed multiple keratinized layers that were not observed with HBE1 cells (data not shown). HBE1 cells treated with ATRA displayed an epithelial phenotype that ranged from simple squamous or cuboidal to stratified squamous layers without evidence for cilia formation (Fig. 1B) . In contrast, primary TBE cells treated with ATRA displayed a pseudostratified columnar ciliated epithelial phenotype, similar to in vivo respiratory tract epithelia (Fig. 1D) .
Assessment of the electrical properties of HBE1 and TBE cells.
To further assess differentiation of HBE1 and TBE cells grown with or without ATRA, we measured for the presence of two main physiological indicators of mature respiratory tract epithelia, barrier function (R te ) and V te (26) . HBE1 cells grown without ATRA develop significant R te . However, HBE1 cells · cm 2 ) were corrected for background resistance of the membrane with PBS alone (background Rte was ϳ125 ⍀/well). Vte values (mV) represent absolute Vte after the probe was zeroed in PBS alone. A Vte Ͼ10 mV and an Rte Ͼ300 ⍀ · cm 2 was considered significant. Means and SE of at least 3 separate experiments are displayed. treated with ATRA were unable to develop tight junctions as evidenced by the low R te values ( Fig. 2A) despite the apparent continuous cell layer seen on histology. Primary TBE cells treated with or without ATRA were capable of developing an adequate epithelial barrier consistent with the morphological changes we observed ( Fig. 2A) . In contrast, only ATRA-treated primary cells demonstrated evidence for effective V te . HBE1 cells grown with or without ATRA and primary TBE cells grown without ATRA demonstrated negligible V te (Fig. 2B) .
Expression of DUOX1/2 in HBE1 and primary TBE cells. To correlate features of airway cell differentiation to DUOX expression, we measured both DUOX mRNA and protein expression after 7 days in ALI conditions. ATRA significantly upregulated DUOX2 mRNA expression 6-fold in HBE1 (Fig. 3A) and 19-fold in primary TBE cells (Fig. 3B) . Similarly, DUOX protein expression in primary TBE cells was undetectable in Western blots from cells not treated with ATRA but readily identified in cells treated with ATRA (Fig. 3C) . In contrast, DUOX protein expression was minimally detected in HBE1 cells treated with or without ATRA (Fig. 3C) . Even after normalizing DUOX band intensity to ␤-actin, we were unable to detect a difference in DUOX protein expression between treatment groups for HBE1 cells (Fig. 3D) qRT-PCR analysis of DUOX1 and DUOX2 mRNA expression from primary TBE cells with or without ATRA. **P ϭ 0.0073 (by ANOVA). Data are expressed as fold induction of the gene of interest normalized to ␤-actin. C: a total of 30 g of protein from each sample was loaded onto a 7% SDS-PAGE gel, and Western blotting for DUOX was performed using anti-DUOX antibody as described in MATERIALS AND METHODS. The membrane was stripped, and Western blotting for ␤-actin was performed to ensure equal protein loading. Arrow identifies predicted molecular mass of DUOX protein (kDa). D: band intensity was measured using MultiGauge v2.3 software (Fujifilm), and the ratio of DUOX band intensity to ␤-actin band intensity was calculated. (Fig. 4, Supplemental Fig. S1 ). Lower doses of DPI (2 M) produced similar degrees of DPI-inhibitable H 2 O 2 production (Supplemental Figs. S2 and S3) .
Rhinovirus-mediated DUOX2 expression requires ATRA. We (17) previously have shown that rhinovirus infection significantly induces DUOX2 expression after 24 h in primary TBE cells. Further investigation demonstrated that DUOX2 mRNA inducibility by virus differed between primary TBE cells, grown with ATRA supplementation, and HBE1 cells, typically grown without ATRA (unpublished data). Based on these results, we postulated that this differential induction was due to the presence of ATRA. To evaluate this notion, we infected ATRA-untreated and ATRA-treated HBE1 cells with minor serotype RV1B at an MOI of 1. As shown in Fig. 5 , RV1B infection did not increase DUOX2 mRNA expression in HBE1 cells. However, in the presence of ATRA, RV1B significantly upregulated DUOX2 mRNA expression levels in HBE1 cells 10-fold higher than the induction of DUOX2 by ATRA alone. This 10-fold induction was similar in magnitude to the fold induction we observed in primary TBE cells.
DISCUSSION
Current literature suggests that DUOX expression in the respiratory tract correlates with cell differentiation (1, 11, 24) . In this study, we have shown that ATRA is a key component for DUOX2 mRNA and protein expression as well as inducibility by rhinovirus. By comparing primary TBE cells with HBE1 cells, however, we have been able to demonstrate that ATRA is not sufficient for DUOX protein expression in HBE1 cells. Together, these data suggest that ATRA is required for normal DUOX2 promoter activation and mRNA expression but that additional components are required for functional protein expression.
A well-differentiated respiratory tract epithelium is characterized morphologically by a pseudostratified columnar epithelium containing ciliated cells, mucus-secreting cells, and basal cells. Consistent with previous reports (3, 31, 32, 36) , we demonstrated that ATRA is essential for the proper maturation of respiratory tract epithelium. However, only primary TBE cells developed pseudostratified columnar morphology and cilia formation. HBE1 cells did not form cilia or develop other features consistent with a mature epithelium.
Similarly, only the ATRA-treated primary cells generated R te and V te values that were consistent with a mature epithelium. Electrical properties for well-differentiated respiratory tract epithelium are highly dependent on the media and matrix used. However, R te values of 300 -600 ⍀·cm 2 and V te values of 10 -30 mV are suggested to be representative of an in vivo airway epithelium (26, 29) . Values below this range reflect cell cultures that are unable to achieve the polarization required for a fully functional epithelium. ATRA-untreated HBE1 and primary TBE Ϫ⌬Ct cycle threshold value from the ATRA-untreated, uninfected sample as 1.
cells were able to generate substantial tight junctions but were unable to produce V te values expected from a functional respiratory tract epithelium. Although R te for primary TBE cells initially were outside the range expected, we observed values closer to the normal range with increasing days on culture. V te measures for the ATRA-treated primary TBE cells were well within the expected values throughout the observation period.
Despite the fact that HBE1 cells did not differentiate into a mature respiratory tract epithelium, DUOX2 mRNA expression increased significantly in these cells with the addition of ATRA. In fact, when we compared absolute cycle threshold (C T ) values for DUOX2 mRNA between ATRA-treated primary TBE and HBE1 cells, the values were nearly identical (data not shown). The discordance between morphological and physiological measures of differentiation and DUOX2 expression in ATRA-treated HBE1 cells supports the notion that ATRA is the dominant factor in determining DUOX2 transcriptional activity.
However, our data suggest that ATRA is not the sole factor determining DUOX2 protein expression. The amount of H 2 O 2 generation in ATRA-treated primary TBE cells was consistent with previously published literature (11), suggesting 7-10 days was an adequate period for DUOX maturation. Importantly, despite highly similar absolute ⌬C T values for DUOX2 mRNA in ATRA-treated primary TBE and HBE1 cells, Western blots and H 2 O 2 measurements indicated significantly lower protein levels in HBE1 cells. Using similar total protein loading, we were able to clearly see a DUOX band in ATRA-treated primary cells but not in HBE1 cells. Based on the H 2 O 2 measurements, it appears that ATRA did affect DUOX2 protein levels in HBE1 cells but that these differences were below the detection limit of the Western blots. In addition, repeat H 2 O 2 measurements using different frozen stocks of HBE1 cells demonstrated variable basal and DPI-inhibitable H 2 O 2 values (see supplementary data) raising doubts that DUOX2 was the predominant source of H 2 O 2 in this cell line. These data suggest that ATRA-independent components are required for effective DUOX2 translation and functional activity, which are not efficiently expressed in HBE1 cells.
DUOX1 mRNA levels did not change with or without ATRA in both primary TBE and HBE1 cells, supporting the notion that the changes we observed were DUOX2-specific. The lack of any DUOX staining for ATRA-untreated primary cells was unexpected. Because the DUOX antibody we used will detect both DUOX1 and DUOX2, we expected to see some DUOX1 protein even in the absence of ATRA. Factors leading to squamous metaplasia may specifically suppress DUOX1 expression, or the period of observation may have been too short for robust DUOX1 expression. A recent report by Rada et al. (24) supports the latter possibility.
Based on our (17) previous findings that DUOX2 expression is increased by Th1 cytokines and rhinovirus infection, we hypothesized that DUOX2 is an important part of the antiviral response. In this report, we demonstrated that rhinovirusmediated DUOX2 transcription requires ATRA. In parallel, retinoic acid is important for RIG-I induction (35) . Given the important roles for RIG-I/MDA5 in sensing rhinovirus doublestranded RNA and inducing the type I IFN responses in human airway epithelial cells (5, 18, 30) , these data suggest that DUOX2 is an essential component of an ATRA-mediated antiviral signaling network in respiratory tract epithelium. We speculate that ATRA works directly, or indirectly through RIG-I/MDA5 and other transcription factors, to activate the DUOX2 promoter and induce transcription when the cell is infected with virus. The RIG-I/MDA5-mediated induction of IFN-␤ and IFN-␤-mediated effector molecules recruits IFN-␥-producing immune cells, which further amplifies DUOX2 expression (17) (Fig. 6 ). The precise roles of and regulatory mechanisms responsible for DUOX2 in antiviral host defense are currently being investigated in our laboratory.
A recent study by Mühlbauer et al. (23) demonstrated that H 2 O 2 levels were significantly increased in the thyroid of rats when treated with pharmacological doses of 13-cis-retinoic acid. Because DUOX2 is the predominant source of H 2 O 2 in the thyroid, it is likely that this increase in H 2 O 2 production is DUOX2-mediated. Of interest, pharmacological doses of ATRA had no effect on H 2 O 2 production in the thyroid. These differences may be due to tissue specificity, species differences, or a dose-dependent effect. However, these findings highlight the no- tion that retinoic acid is a critical regulatory factor for DUOX2 in multiple tissues.
Based on absolute changes in mRNA levels, HBE1 cells, and potentially other respiratory tract cell lines, serve as a reasonable model to study DUOX2 gene regulation as long as media are supplemented with ATRA. Consistent with previous suggestions (15) , however, DUOX2 protein expression and functional activity may be inadequately modeled by the use of cell lines; whether this remains true for other DUOX-expressing tissues remains to be determined.
